Table 44. Comparison of SSTSIM results with MPS results for TR07 using identical LSM and
vehicle characteristics.

Position Position Time Time Energy Energy
MPS SSTSIM Deviation MPS  SSTSIM  Deviation MPS SSTSIM  Deviation

Location (m) (m) (%) (s) (s) (%) (kwh) (kwWh) (%)
Terminal 0 0 0 0 0 0 0
(Gate 1)
Gate 10 39,900 40,004 0.3 637 641 0.6 1,270 1,268 -0.2
Gate 20 94,731 95,007 0.3 1305 1305 0.0 2,583 2,584 0.0
Gate 30 141,179 142,002 0.6 1955 1963 0.4 3,862 3,880 0.5
Gate 40 186,082 187,003 0.5 2534 2538 0.2 4,966 4,989 0.5
Gate 50 220,088 221,005 0.4 3070 3066 -0.1 5,994 6,011 0.3
Gate 60 260,702 262,005 0.5 3595 3596 0.0 6,949 6,982 0.5
Gate 70 306,076 307,002 0.3 4208 4206 0.0 8,207 8,234 0.3
Gate 80 348,547 350,005 0.4 4735 4734 0.0 9,180 9,227 0.5
Gate 90 386,337 388,005 0.4 5274 5253 -0.4 10,290 10,296 0.1
Terminal 2 398,334 400,000 0.4 5473 5447 -0.5 10,530 10,547 0.2
(Gate 93)
Gate 100 441,295 443,008 0.4 5925 5905 -0.3 11,680 11,705 0.2
Terminal 3 468,294 470,000 0.4 6169 6144 -04 12,130 12,146 0.1
(Gate 104)
Terminal 4 798,294 800,000 0.2 8779 8758 -0.2 19,000 19,019 0.1
SST Total
Segment 1 398,334 400,000 0.4 5473 5447 -0.5 10,530 10,547 0.2
Segment 2 69,960 70,000 0.1 696 697 0.1 1,600 1,599 -0.1
Segment 3 330,000 330,000 0.0 2610 2614 0.2 6,870 6,873 0.0

straight and flat route and along the SST route.
Table 45 summarizes the trip times and LSM
energy consumption for these cases.

Figure 112 shows the speed profiles for each
system along the 40-km straight and flat route.
The SCDs all have much higher thrust/weight
ratios than TRO7, resulting in shorter distances
(and times) to reach cruise speed (see also Table
45).

Figure 113 shows the speed profiles for the
TRO7 and Bechtel vehicles along the SST route.
Results for the other SCDs are similar to the
Bechtel results. The SCDs have the largest perfor-
mance advantage along segment 1 (closely spaced
curves) where their higher speed gates and
greater acceleration capabilities result in much
higher average speeds (see also Table 45). Figure
114 shows in more detail the speed profiles for
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TRO7 and Bechtel for the first 100 km of the SST.
TRO7’s lower speed gates and lower maximum
speeds between curves show more clearly (note
that the speed gates for the two systems are equal
only for vertical curves). As shown in Figure 115,
TRO7’s longer acceleration periods at peak thrust
cause its energy consumption to be higher for the
same distance covered, even though its peak
power is much lower than Bechtel’s.

Table 46 compares the performance of the SCDs
against that of TR0O7 for travel along the 40-km
straight and flat and SST routes. Energy intensity
(El) is the electrical energy consumed by a system
(i.e., the energy supplied by an electrical utility)
to move a standard passenger 1 m along the given
route section. Normalization by standard passen-
gers (SP = 0.80 m? of vehicle floor area) corrects
for differences in vehicle interior space allocated
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Speed (m/s)

Table 45. SSTSIM results for TR0O7 and SCDs along 40-km straight and flat and SST
routes. TR07-24° is TRO7 with 24° total bank angle (other characteristics unchanged). SST
segment 1 is between terminals 1 and 2 (rugged terrain), SST segment 2 is between
terminals2and 3 (rolling hills), and SST segment 3 is between terminals 3and 4 (straight

and nearly flat).

LSM Power (MW)

Item TRO7 Bechtel Foster-Miller ~ Grumman Magneplane  TR07-24°
Time (s)
0-134 m/s straight and flat 318 89 123 182 133 318
40 km straight and flat 436 386 392 424 393 436
SST segment 1 5,318 4,244 4,359 4,669 4,399 4,762
SST segment 2 755 626 634 654 631 671
SST segment 3 2,607 2,555 2,558 2,596 2,563 2,607
SST total 8,680 7,425 7,551 7,919 7,593 8,040
LSM energy (kWh)
0-134 m/s straight and flat 852 314 293 397 426 852
40 km straight and flat 930 736 629 614 698 930
SST segment 1 10,159 8,938 7,221 7,304 7908 9,492
SST segment 2 1,546 1,207 1,060 942 1,067 1,527
SST segment 3 6,606 5,095 4,649 3,679 4,138 6,607
SST total 18,311 15,240 12,930 11,925 13,113 17,626
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Table 46. Trip times and energy intensities, normalized by results for TR07. Energy
intensities include losses through the converter stations.

Item TRO7 Bechtel Foster-Miller ~ Grumman Magneplane  TR07-24°
Standard passengers (SP) 162 106 137 116 108 162
Converter efficiency 0.95 0.90 0.94 0.95 0.95 0.95
Energy intensity (J/SP-m)
40 km straight and flat 544 694 440 502 612 544
SST segment 1 594 843 505 597 694 555
SST segment 2 517 651 423 440 535 510
SST segment 3 468 583 394 364 440 468
SST total 535 719 452 487 575 515
Time SCD/TRO07
40 km straight and flat — 0.89 0.90 0.97 0.90 1.00
SST segment 1 — 0.80 0.82 0.88 0.83 0.90
SST segment 2 — 0.83 0.84 0.87 0.84 0.89
SST segment 3 — 0.98 0.98 1.00 0.98 1.00
SST total — 0.86 0.87 0.91 0.87 0.93
Energy intensity

SCD/TRO07

40 km straight and flat — 1.28 0.81 0.92 1.13 1.00
SST segment 1 — 1.42 0.85 1.00 117 0.93
SST segment 2 — 1.26 0.82 0.85 1.04 0.99
SST segment 3 — 1.24 0.84 0.78 0.94 1.00
SST total — 1.34 0.84 0.91 1.07 0.96

to each passenger. The estimated converter station
efficiencies are consistent with those shown in sec-
tion 3.3.2 and are independent of vehicle speed.
They transform the LSM energy consumption
calculated by SSTSIM into the energy supplied to
the system by an electrical utility.

The SCDs develop the largest trip-time advan-
tages over TRO7 along segments 1 and 2 where,
as mentioned, they maintain much higher aver-
age speeds. To investigate the relative importance
of bank angle vs. acceleration capability, we simu-
lated TRO7 with an increase in its allowable bank
angle to 24°, designated TR07-24°, while keeping
its original LSM and vehicle-resistance character-
istics. This change brings TRO7 close to the per-
formance of the Grumman concept (see Table 46),
the SCD with the lowest baseline acceleration ca-
pability. For the twisty segment 1, higher bank
angles and greater acceleration capabilities of the
SCDs contribute roughly equally to their trip time
advantages over TR07. Bank angle exerts propor-
tionately more influence on trip time along the
gently curved segment 2, while acceleration capa-
bility accounts for all of the modest advantage of
the SCDs on the straight segment 3. Note that,
except for Grumman, the DG ride comfort crite-
rion of 24° used in these simulations limits the
maximum bank angles (and hence the gate
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speeds) of the SCDs. Thus, three of the four con-
cepts would achieve even greater trip-time advan-
tages over TRO7 under less conservative ride com-
fort criteria (e.g., MR, see Table 106). Bechtel
and, to a lesser extent, Magneplane would further
increase their trip-time advantages with a less
restrictive longitudinal acceleration criterion.
The effects of higher average speeds (i.e.,
reduced trip time) on system energy intensity are
more complicated. The major sources of energy
loss are aerodynamic drag and LSM inefficiency
at maximum thrust. Aerodynamic losses increase
by the square of vehicle speed, so they increase
with increasing average speed. Conversely,
maximum-thrust LSM losses decrease with
shorter acceleration times, because of either
higher thrust:resistance ratios (see eq 21) or higher
gate speeds. The 40-km straight and flat route,
because it has no turns, reveals the benefit pos-
sible with higher thrust:resistance ratios—two
of the SCDs (Foster-Miller and Grumman) have
lower energy intensities than TRO7 despite hav-
ing higher average speeds. The SST results for
TRO7-24° demonstrate the energy benefit of
higher gate speeds. Even with the same LSM,
reduced acceleration losses from higher gate
speeds can more than compensate for increased
aerodynamic losses from higher average speed
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(see Table 113a). Eventually, however, increasing
average speed will lead to increased energy inten-
sity (e.g., Bechtel) because of higher aerodynamic
losses. The exact break-even point depends on the
vehicle and LSM design, and the characteristics of
a particular route.

Figure 116 summarizes the potential real-world
performance advantages of the SCDs compared
with TRO7. Normalized by the values for TR07,
the figure shows SST energy intensity vs. trip time
for each SCD. Notice that all SCD systems traverse
the SST route much faster than TR07. In addition,
two of the SCD’s (Foster-Miller and Grumman)
achieve shorter SST trip times and lower energy
intensities than TRO7. Increasing the total bank
angle of TRO7 to 24° (which would require a
major redesign of the TR0O7 vehicle and guideway)
reduces but does not eliminate the performance
advantages of the SCDs. That is, larger bank
angles and higher thrust:resistance ratios both
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contribute to the superior performance of the
SCDs, and this combination represents an impor-
tant design advantage of a U.S. maglev system
optimized for typical U.S. routes.

Guideway offset requirements

As noted earlier, SSTSIM does not include fea-
tures needed to design guideway spiral transi-
tions for horizontal curves. However, MPS has
this feature, and we used it to determine the off-
set of an actual guideway path (with a transition
spiral) to that of a circular curve radius without a
transition section.

Recall that a segment of circular arc at the speci-
fied minimum radius is required for each SST
curve. Transition spirals allow for smooth changes
between tangent sections (infinite radius) and the
required curve radius, and can be designed to sat-
isfy the secondary ride comfort criteria. However,
transition spirals offset the guideway towards the
center of curvature and away from the Pl (Point
of Intersection), and these offsets alter ROW
geometries. Figure 117 shows a 400-m-radius
curve with change in azimuth of 40°. The Pl is
9000 m from the last PI. The extent of the 400-m-
radius circular arc is indicated by the two radial
lines from the center to the points of tangency of
the straight tangent sections. The spiral transi-
tion displaces the circular arc about 5 m toward
the center of curvature; the transition begins 102
m before the circular arc.

Similarly, Figure 118 shows curves of different
radii, each with a change in azimuth of 20°. By
including spiral transitions, each curve’s required
circular arc moves inward a distance that depends
on the curve’s radius. Thus, the guideway offset
for a 500-m-radius, 20° curve is approximately 2
m. If the radius were increased to 700 m, the off-
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set would be 5 m. If it were further increased to
900 m, the offset would increase to 8 m. The asso-
ciated speed through the curve, assuming 24° of
total bank angle, is shown in Table 47. The differ-
ence in speed in percent from the 500-m case is
shown as the percent difference from cruise speed
(134 m/s). Reasonably large speed increases are
possible for modest offsets (i.e., modest ROW
deviations).

Typically, Interstate Highway ROWs are about
100 m wide and have 11-17 m on either side of
the roadway. Although details of route alignment
are site specific, there should be sufficient latitude
to accommodate the small offsets resulting from
spiral transitions. Furthermore, there may be
instances where the radius of curvature can be

Table 47. Guideway offset and SCD
vehicle speed for a 20° turn using spiral
transitions. Offset is measured relative
to simple circular curve.

R Offset \Y AVINVsgom V134 mis
(m_ (m)  (mfs) (%) (%)
500 2 52.1 — 39
700 5 61.7 18 46
900 8 69.9 34 52
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increased, with an associated increase in speed.
On the other hand, there may also be instances
where planners are so constrained as to require
the acquisition of some additional land. These
results indicate that land acquisition, if needed,
is likely to be on a small scale.

Conclusions

We developed software, SSTSIM, to simulate
the motion of maglev vehicles along prescribed
routes to examine how technological characteris-
tics translate into system characteristics that affect
ridership and costs. Inputs to SSTSIM include
route specifications, ride comfort criteria, and the
system-dependent vehicle and LSM performance
data. For the SST route traversed under DG con-
ditions, the primary ride comfort criteria govern-
ing vehicle motion are lateral acceleration in hori-
zontal or combined curves, vertical acceleration
in vertical curves, and longitudinal acceleration-
braking and longitudinal jerk during speed
changes. Comparison of the results of SSTSIM
with the previous GMSA model, MPS, confirmed
the validity of this approach.

We used SSTSIM to compare the performance
of TR0O7 and the four SCDs along a 40-km straight
and flat route and along the SST route. These
simulations revealed that, compared with TR0O7,
the larger bank angles of the SCDs combined with
higher LSM thrust-to-vehicle resistance ratios can
yield shorter trip times and lower energy intensi-
ties. This remarkable result occurs because higher
gate speeds (larger bank angle) and more efficient
acceleration (higher thrust:resistance ratios) pro-
duce energy savings that more than compensate
for the increased aerodynamic losses associated
with shorter trip times. This combination of
shorter trip time and lower energy intensity con-
stitutes an important performance advantage that
could result by designing the technological char-
acteristics of a U.S. maglev system to satisfy the
requirements of typical U.S. routes.

3.3.2 Guideway cost estimates*

Background

The guideway, with its critical support, pro-
pulsion, and control functions, will be the most
expensive part of a maglev system. For this rea-
son, the GMSA team developed its own guideway
cost estimates for TR0O7 and the four SCD con-

* Written by Richard Suever and Dr. John Potter, U.S. Army
Engineer Division, Huntsville



cepts. We drew heavily on the Corps of Engineers’
experience with costing of civil structures and
advanced military technologies to develop these
estimates.

The guideway cost estimates prepared by the
SCD contractors did not allow for easy compari-
son among them. The estimating approach var-
ied widely by contractor. Variances resulted from
different guideway heights, different unit prices
for similar commodities, nonuniform allocation of
components into subsystems, missing items, and
differences in the application of contingencies,
overhead, and profit factors.

The inconsistencies in the estimates, particu-
larly in the allocation of design components into
subsystems, had a significant effect on the cost
model developed by the Volpe National Transpor-
tation Systems Center (VNTSC). To obtain the
capital cost of a maglev system for a particular
corridor, the model takes the length along the
alignment and multiplies it by the unit cost for
each subsystem. The results obtained from the
model are useful in comparing the different con-
cepts in terms of total costs.

A problem arose when the contractors did not
uniformly allocate design components to sub-
systems. For example, the guideway beam sub-
system may only consist of the structural elements
in one contractor’s estimate; it may include mag-
netic components that are attached to the guide-
way in another’s; and it may include power dis-
tribution in a third. Clearly, each subsystem must
consist of the same components to compare costs
across concepts.

An effort was undertaken by the Government
to rework the guideway cost estimates so that the
different technologies could be equivalently com-
pared. The specific objectives of the effort were to:

= Compare estimates based on a common set
of parameters, such as guideway height.

= Provide an independent assessment of the
SCD estimates.

= Develop a standard method of allocating
components into subsystems.

= Develop unit costs for each subsystem in
each concept for use in VNTSC’s cost model.

Note that the total construction cost of a maglev
system includes many items that are not depen-
dent on the technology chosen. Such technology-
independent items include ROW, site preparation,
fencing, stations, central control facility, mainte-
nance facilities, etc. The cost of these items may be
estimated reliably using standard practices. Here,
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we focused on the technology-dependent costs of
each guideway concept. The resulting estimates
are only about one-third of the total construction
cost of each system. Also, we did not estimate
vehicle costs for each concept. We did not have the
necessary expertise in aerospace construction, and
vehicles do not represent a cost related to the
length of the guideway. VNTSC’s cost model is
specifically designed to estimate total maglev
system costs, including total construction cost. For
its technology-dependent guideway costs, it uses
the subsystem unit costs developed here.

Procedure
The guideway cost estimates prepared by the
Government were based on the following:

= Itisan 11-m-high, dual guideway.

= Consistent unit costs were applied.

= No site work or fencing was included in the
costs.

< No high voltage power distribution was
included.

= No markups, contingencies, or profits were
included.

The unit costs used for each component are an
all-inclusive number that takes into account manu-
facturing, transportation, and installation, unless
otherwise noted. The unit costs for the guideway
structure and the electrical systems are from stan-
dard cost estimating manuals (Walter 1991). These
unit costs were adjusted on the basis of Corps of
Engineers experience to reflect unusual construc-
tion techniques or materials.

The components were allocated to subsystems
as follows:

= Guideway structure—This subsystem consists
only of the structure itself, i.e., the footings,
columns, and girders. For Magneplane, the
aluminum levitation sheets are included in
this item because they are also structural
members. In the case of the TR07, the guide-
way structure includes the steel sliding sur-
face used for emergency braking.

< Magnetic components—This subsystem
includes the motor windings, coils, stator
packs, and guidance rails. In the case of
Grumman, we included both the thick and
thin laminated rails in this subsystem, even
though the thick rail also serves as a struc-
tural component.

= Guideway power distribution—This subsystem
includes the power components between the
rectifier, inverter, or converter station, and



the magnetic components on the guideway.
This includes primarily the distribution
cable and the grounding system. For the
Foster-Miller concept, the LCLSM switches
are included in this item because they are
located on the guideway.

= Wayside control and communication—This
item is taken directly from the VNTSC
model. It includes wayside installations and
connections to the central control facility.
Although the uniform application of this
unit cost to all concepts makes it a technol-
ogy-independent item, it does represent a
significant cost directly related to the guide-
way.

= Power stations—This subsystem includes all
of the components in the rectifier, inverter,
or converter stations, depending upon the
technology. The estimate includes the trans-
former at the end of the high voltage distri-
bution line. The high voltage distribution
line is not included.

The cost estimates reflect the baseline designs
as described in the SCD reports. No attempt was
made to optimize the designs provided by the
SCD contractors. The quantities of materials in the
guideway structure have been adjusted for the
11-m height, depending upon the baseline guide-
way height.

Results

The cost estimates prepared by the Govern-
ment for each concept are shown in the follow-
ing tables. Tables 48-51 show the detailed cost
breakdown by component for Magneplane,
Grumman, Foster-Miller, and Bechtel. Table 52
shows the cost breakdown for TRO7. The cost
information for the TRO7 was taken primarily
from the information in the Cal-Nev proposal
(City of Las Vegas 1987). The quantities shown in
the tables are for a 1-km length of guideway. This
information has been summarized at the sub-
system level in Table 53a.

In addition, the estimated cost of each concept
for an at- or on-grade guideway was prepared so
that the SCD concepts and TR0O7 could be com-
pared to the TGV in the VNTSC model. The
Grumman and TRO7 concepts require a near- or
at-grade guideway because of the wraparound
configuration of the vehicle. The guideway for the
other concepts can be placed directly on a soil
or crushed stone subgrade. The summary of the
at- or on-grade guideway cost by subsystem is
shown in Table 53b.
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The difference in cost between the elevated and
at- or on-grade systems is in the guideway struc-
ture itself. We assumed that the other subsystem
costs were independent of height. The footings,
columns, and cross beams were eliminated for the
Magneplane, Foster-Miller, and Bechtel designs.
Minimum height columns of 0.92 m (3 ft) were
used in the Grumman and TRO7 concepts. In addi-
tion, we decreased the size of the guideway
beams and the quantity of reinforcing because
an on-grade beam will be uniformly supported by
a soil or stone subgrade, providing much of the
required stiffness. In the case of Grumman, the
spacing of the columns was decreased to 4.6 m (15
ft) as described in the final SCD report.

The TRO7 at-grade guideway cost is based on
the at-grade section shown in the Cal-Nev pro-
posal. The span length for this section was
reduced to 12.34 m (40.50 ft). The higher cost of
this at-grade guideway compared with the U.S.
concepts reflects the tighter construction toler-
ances required for the TRO7.

U.S. maglev cost estimate

We attempted to estimate the technology-
related costs of a U.S. maglev system that might
result from further development, despite the dif-
ficulty that such an estimate poses. This is useful
to efforts by the NMI and others to forecast the
market performance of maglev in the U.S.

Clearly, significant concept-related differences
exist in the technologies that could be used in a
U.S. maglev system. Despite this, relatively little
variation exists among subsystem-level costs for
the SCD concepts. With a couple of important
exceptions (discussed below), it appears that the
broadly defined functions of these subsystems
generally govern their costs. Thus, by excluding
exceptional cases, we may estimate the cost of a
U.S. maglev system by averaging the subsystem
costs of the SCD concepts. The resulting estimated
cost of a “U.S. maglev” is shown in Table 53.

The two exceptional cases are the Foster-Miller
and Magneplane concepts. For both elevated and
at-grade U.S. maglev systems, we did not aver-
age in the cost of the Foster-Miller guideway mag-
netics, power distribution, and power substation
costs. The innovative Foster-Miller LCLSM re-
quires use of components that are very expensive
at present (i.e., the inverters). Foster-Miller could
use a more conventional approach and bring the
cost of these subsystems closer to those of the
other concepts; alternatively, the cost reductions
Foster-Miller anticipates for mass production of
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Table 53. Technology cost summary ($1000 per mile).

Subsystem Magneplane ~ Grumman Foster-Miller Bechtel TRO7  U.S. Maglev
a. Elevated.

Guideway structure 18,000 7,900 9,000 9,200 10,700 8,700
Guideway magnetics 3,600 5,800 9,100 6,300 4,200 5,200
Guideway power distribution 700 500 5,200 500 1,500 600
Wayside control and

communication 1,400 1,400 1,400 1,400 1,400 1,400
Converter station 1,400 — — — — —
Inverter station — 1,900 — 1,900 2,100 2,000
Rectifier station — — 3,200 900 — —
Total 25,100 17,500 27,900 20,200 19,900 17,900

b. At grade.

Guideway structure 4,400 1,500 5,600 3,200 8,500 3,700
Guideway magnetics 3,600 5,800 9,100 6,300 4,200 5,200
Guideway power distribution 700 500 5,200 500 1,500 600
Wayside control and

communication 1,400 1,400 1,400 1,400 1,400 1,400
Converter station 1,400 — — — — —
Inverter station — 1,900 — 1,900 2,100 2,000
Rectifier station — — 3,200 900 — —
Total 11,500 11,100 24,500 14,200 17,700 12,900

these components could bring the LCLSM cost in
line with the other concepts.

In the case of Magneplane, the guideway struc-
ture is complicated and requires an extremely
large amount of aluminum. It is not an efficient
structure for large spans, and, thus, it requires
close column spacing. This requirement becomes
very expensive for the standard 11-m elevation
used in this analysis, yet optimizing the beam de-
sign for 11-m elevation was beyond our scope. We,
therefore, did not include the Magneplane guide-
way cost in our U.S. maglev estimate.

With these exceptions removed, subsystem
costs are quite similar across the U.S. concepts. For
example, excluding the Magneplane guideway,
the SCD elevated guideway structure costs vary
less than 10% from the average value. In general,
some cost variability naturally exists because of
technological differences. Also, some variability
exists because contractors focused their efforts on
different subsystems and thus did not optimize
all subsystems uniformly. Nevertheless, examina-
tion of Table 53 supports the conclusion that the
broadly defined function of each subsystem gen-
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erally governs its cost. Thus, for current efforts to
forecast maglev market performance, the derived
U.S. Maglev costs should be meaningful despite
technological differences among concepts.

It is interesting to compare the subsystem
costs for U.S. Maglev with those for TR07. For
both elevated and at-grade guideways, essentially
the entire cost advantage for U.S. maglev derives
from its lower guideway-structure cost. Indeed,
TRO7’s guideway structure is the most expensive
of all, except Magneplane’s elevated guideway.
The difference is particularly striking for at-grade
guideways, where TR07’s $4,800,000/mile cost
disadvantage represents about 40% of the total
U.S. Maglev technology costs. Apparently, this
cost penalty reflects the need to maintain very
tight construction tolerances for the small-gap
TRO7 system.

Comparison of the Government
and SCD cost estimates

The cost estimates prepared by the contractors
were compared to the GMSA estimates above. The
components in the contractors’ estimates were



Subsystem

Table 54. Comparison of cost estimates ($1000).

Government  Contractor
estimate estimate Remarks

Guideway structure

Guideway magnetics

Guideway power distribution

Wayside control and
communication

Converter station
Inverter station
Rectifier station

Total

a. Magneplane International.

18,000 14,100 Contractor estimate is based on 5.2-m height.
Unit costs are different.
Reinforcing is not a separate item in contractor estimate.

3,600 4,900 Contractor used higher unit costs.

700 900 Contractor estimate was taken as a percentage (15%) of the total
electrification costs.

1,400 500 Government applied a standard unit cost to all SCD concepts.
1,400 1,400
25,100 21,800

Guideway structure

Guideway magnetics

Guideway power distribution

Wayside control and
communication

Converter station

Inverter station

Rectifier station

Total

b. Grumman Aerospace.

7,900 5,700 Contractor estimate is based on 11.3-m height.
Unit costs are different.
5,800 5,300
500 700 Contractor estimate is per meter of dual guideway. It was not in
sufficient detail to determine differences.
1,400 300 Government applied a standard unit cost to all SCD concepts.
1,900 400 Contractor estimate is per meter of dual guideway. It was not in
sufficient detail to determine differences.
17,500 12,400

Guideway structure

Guideway magnetics

Guideway power distribution

Wayside control and
communication

Converter station
Inverter station

Rectifier station

Total

c. Foster-Miller.

9,000 7,600 Contractor estimate is based on 7.6-m height.
Contractor estimate was not in sufficient detail to determine
differences.

9,100 3,300 Unit costs for magnetic components were too low.

5,200 3,500 Unit costs for inverters were too low.
Contractor estimate was not in sufficient detail to determine
differences.

1,400 500 Government applied a standard unit cost to all SCD concepts.
3,200 200 Contractor estimate is for one station; two are required for dual
guideway.
27,900 15,100
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Table 54 (cont’d).

Government  Contractor
Subsystem estimate estimate Remarks
d. Bechtel.
Guideway structure 9,200 12,700 Unit costs are different.
Estimated quantities are different.
Guideway magnetics 6,300 6,800
Guideway power distribution 500 1,100 Contractor estimate was not in sufficient detail to determine
differences.
Wayside control and
communication 1,400 1,800 Government applied a standard unit cost to all SCD concepts.
Converter station — —
Inverter station 1,900 2,000
Rectifier station 900 0 Contractor assumed that power utility would provide this station.
Total 20,200 24,400

reallocated to subsystems in accordance with the
procedures used in the Government estimate. The
results are shown in Table 54. The reasons for any
discrepancy greater than 15% in the two estimates
is shown in the remarks column.

The tables show that there are some substan-
tial discrepancies between the two estimates. The
primary reasons include differences in unit costs,
errors in calculated volumes, and items that were
left out of the contractors’ estimates. In many
cases, the contractors’ estimates were not pro-
vided in sufficient detail to determine where the
differences were.

Except for Bechtel’s concept, our estimates are
higher than those of the contractors. Based on the
information available, the government effort rep-
resents a reasonable cost estimate of the technol-
ogy for each guideway concept.

Conclusions

Much of our cost-estimating effort focused on
simple “bookkeeping.” We estimated costs based
on a common set of guideway parameters and
consistent allocation of components into sub-
systems. More importantly, however, we devel-
oped independent guideway cost estimates for all
four SCDs and TR07 using common procedures
and unit costs. This allows us to draw several gen-
eral conclusions based on a comparison of these
costs and the associated performance character-
istics of these systems.

To facilitate this comparison, we may first
group systems of similar performance character-
istics. Grumman’s baseline design meets the SCD
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system criteria and slightly out-performs TR07 on
the SST. Magneplane and Foster-Miller’s baseline
design have greater banking capability and more
powerful motors, and they achieve incrementally
better performance along the SST. A U.S. maglev
system would also fall into this category. Lastly,
Bechtel’s baseline design possesses the most pow-
erful motor and the completes the SST is the short-
est time. On the basis of this rough grouping, we
may draw the following conclusions regarding
guideway cost and performance:

= Forelevated guideways, the Grumman con-
cept can provide slightly better perfor-
mance than TRO7 at significantly less cost
($17,500,000/mile vs. $19,900,000/mile). In
addition, the Bechtel concept and U.S.
maglev can provide enhanced performance
at similar or lower cost ($20,200,000/mile for
Bechtel or $17,900,000/mile for U.S. maglev
vs. $19,900,000/mile for TRO7).

For at- or on-grade guideways, the Grumman
concept is approximately 60% of the cost of
the TRO7 system ($11,100,000/mile as com-
pared to $17,700,000/mile). Also, the Magne-
plane and Bechtel concepts and U.S. maglev
would provide enhanced performance at
significantly lower cost ($11,500,000/mile
for Magneplane, $14,200,000/mile for
Bechtel or $12,900,000/mile for U.S. maglev
as compared to $17,700,000/mile for TRO7).
With two specific exceptions, we found rela-
tively little variability in subsystem costs
among U.S. concepts, despite significant dif-



ferences in technology. Apparently, the
broadly defined function of each subsystem
generally governs its cost. This allowed us to
estimate a U.S. maglev cost based on aver-
ages of the SCD subsystem costs. This esti-
mate should be meaningful for forecasting
market response to maglev in the U.S. and
for comparing maglev with existing foreign
HSGT systems.

= For both elevated and at-grade guideways,
essentially the entire cost advantage for U.S.
maglev relative to TRO7 derives from its
lower guideway-structure cost. The differ-
ence is particularly striking for at-grade
guideways, where TRO7’s $4,800,000/mile
cost disadvantage represents about 40%
of the total U.S. maglev technology costs.
Apparently, this cost penalty reflects the
need to maintain very tight construction tol-
erances for the small-gap TR07 system.

Like all cost estimates, the numbers developed
here contain a degree of uncertainty. In particular,
the U.S. concepts are not fully developed into sys-
tem designs, and we had limited access to detailed
TRO7 data. Nevertheless, because we used a com-
mon procedure and a common set of unit costs for
all systems, these general conclusions are rela-
tively insensitive to this uncertainty.

3.4 OTHER EVALUATION
CRITERIA AND ANALYSES

The SCD-RFP system criteria were intended to
guide the contractors in the development of their
concepts. However, other characteristics of maglev
systems may influence their technical viability in
the U.S. We, therefore, developed additional evalu-
ation criteria and applied them as cross-checks on
each concept in a similar way to the SCD-RFP sys-
tem criteria (section 3.1). The results of this effort
follow.

3.4.1 Mission flexibility*

The market response to maglev in the U.S. is
not well known or easy to forecast. If a given con-
cept can serve a variety of transportation mis-
sions, it improves its chances of being a commer-
cial success. Suitability to other missions reduces

* Written by Christopher J. Boon, Canadian Institute of
Guided Ground Transportation, and Dr. James H. Lever,
CRREL.
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Table 55. Second numerical
rating scheme for each con-

cept.

Rating Score
Highly suited to attribute 2
Capable of attribute 1
Poorly suited to attribute 0

Not capable of attribute -1

the risk that the originally envisioned mission is
not where the greatest market response lies. Also,
if a maglev network begins to develop, its ability
to serve broader portions of the Nation’s travel
market will increase ridership and improve eco-
nomic viability. The adaptability of the technol-
ogy may also be important for export sales to
countries with different transportation needs than
those of the U.S.

Given the above rationale, we elaborated sev-
eral mission statements appropriate for maglev;
we then listed the primary technological attributes
that a concept should possess to serve these mis-
sions. Note that the mission defined in the SCD-
RFP is essentially that currently performed by
short-haul aircraft: short-to-medium distance
intercity trunk service. Earlier studies of maglev
and the NMI’s own market and economic studies
view this as the most promising initial market for
maglev. By using the SCD system criteria as an
evaluation step (section 3.1), we have considered
in depth the suitability of each HSGT system to
intercity trunk service. Thus, we do not repeat that
evaluation here.

Given below is a description of four alternative
HSGT missions, their attributes, and the results
of our evaluation of each concept against these
attributes. We adopted the numerical rating
scheme in Table 55 to apply for each technologi-
cal attribute.

This subsection concludes with Table 60, show-
ing the rating of each concept for each mission,
and a rating of each concept’s overall mission
flexibility. We view mission flexibility as a high-
priority criterion for the success of maglev.

Mission 1—Regional airport connector
Objectives.

= To permit multiple airports located within
a relatively small region to serve as sepa-
rate terminals of a distributed “mega-
port.”

= To facilitate transfers between airports
and improve network efficiency.



Table 56. Rating concepts as regional airport connectors (mission 1).

Attribute TGV  TRO7  Bechtel Foster-Miller ~ Grumman  Magneplane

Efficient at moderate speeds 1 1 1 0* 1 0*
Brisk acceleration/deceleration 0 0 2 2 0 2
High peaking capability -1 1 1 1 1 2
Transit-style doors,

baggage space, and seating 0 1 2 1 1 -1
Tight-radius capability 1 0 0 0 0 0
Electromagnetic compatibility 1 1 1 1 1 1
Total 2 4 7 5 4 4

* High liftoff speed.

Table 57. Rating concepts as a regional commuter trunk (mission 2).

Attribute TGV TRO7  Bechtel Foster-Miller ~ Grumman Magneplane
Efficient at intermediate speeds 2 2 2 1 2 1
High capacity 2 2 2 2 2 2
Moderate-high accleration 0 1 2 2 1 2
Moderate curving performance 0 1 2 2 2 2
Total 4 6 8 7 7 7
= To improve ground access between pop- Examples.
ulation centers and airports. = Long Island-New Jersey—Connecticut-
New York.

Examples.
e Dulles-Washington National-BWI-
downtown Baltimore.
= LaGuardia—JFK-Newark—Manhattan.
< Midway-downtown Chicago-O’Hare-
Milwaukee.

Service characteristics.

Short distances, moderate speeds (50-60
m/s).

Frequent service with peaking demands.
Intermodal passengers and baggage
transfers.

Substantial growth in demand.

Easy terminal access.

Constrained ROW.

Table 56 presents the numerical ratings of each
concept.

Mission 2—Regional commuter trunk
Objectives.

= To improve regional transportation effi-
ciency.

= To reduce pollution associated with con-
gested commuter highways.

= To reduce or delay investment in high-
way capacity to cope with peak com-
muter travel.
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= Los Angeles basin.
< Major metropolitan commuter regions
(Boston, Chicago, etc.).

Service characteristics.
= 60- to 100-km routes, 8- to 16-km station
spacing.
= Intermediate speeds (70-80 m/s).
= Strongly peaked demand.
= Substantial growth in demand.

Table 57 presents the numerical ratings of each
concept.

Mission 3—Short to medium distance
point-to-point service
Objectives.

= To improve intercity transportation effi-
ciency (similar to SCD mission).

= To improve airport terminal congestion
associated with short-haul air.

= To service more diffuse origin—destination
pairs than is possible with large airports.

Examples.
= Northeast corridor.
= California corridor.
e Detroit-Chicago-Milwaukee-Minne-
apolis.



Service characteristics.

200- to 1000-km routes, 50- to 200-km
station spacing.

High speed (to 134 m/s).

Numerous, convenient station locations.
Smaller vehicles, modest peaking.

Good interconnection with other public
transit.

Table 58 presents the numerical ratings of each
concept.

Mission 4—Long-haul trunk service
Objectives.

= To provide surface interconnections
among the three major north-south corri-
dors (Boston—-Miami, Chicago—-Houston,
Seattle-San Diego), thereby creating a
national HSGT network.

= To supplement long-haul air capacity.

= Toreduce pollution generated by aviation
and motor vehicles.

Examples.
= New York-Detroit-Chicago—Minneapolis—
Salt Lake City-Seattle
< Washington-St. Louis—-Denver-San
Francisco
= Miami-Atlanta—New Orleans-Dallas-
Phoenix-Los Angeles

Service characteristics.
= 2000- to 4000-km routes, 500- to 1000-km
station spacing.
= Very high speed (more than 150 m/s).
= High traffic density.

= Long trips, more comfortable cabins,
more amenities.

= Larger vehicles (large single or multiple-
consist vehicles).

= Interconnections to major airports, mag-
lev hubs.

Table 59 presents the numerical ratings of each
concept.

Summary. Table 60 summarizes the ratings for
each concept against the four missions. The num-
ber of attributes (and hence the maximum rating
possible) in each mission generally reflects our
priority of each mission in an overall rating of the
flexibility of these HSGT concepts to serve mis-
sions beyond that identified in the SCD-RFP
(intercity trunk service). We applied a final rating
to this evaluation using the same rating scheme
as in section 3.1 so that we could add the results
together. This criterion is a high-priority one
(weighting = 3).

This evaluation shows clear separation among
the HSGT concepts in overall mission flexibility.
TGV is the least flexible. Its fixed-consist, non-
tilting trains, lower cruise speed, and lower over-
all acceleration—deceleration render it poorly
suited to meet other transportation needs beyond
intercity trunk service. TR07 is an improvement
over TGV in this regard, but is limited by its
nontilting vehicles, modest acceleration, and lim-
ited speed potential. By comparison, the SCD
maglev concepts show considerable potential to
serve additional missions beyond intercity trunk
service. Furthermore, they perform that primary

Table 58. Rating concepts for short to medium distance point-to-point service (mission 3).

Attribute TGV TRO7  Bechtel Foster-Miller ~ Grumman Magneplane
High speed 1 2 2 2 2 2
High acceleration 0 1 2 2 1 2
Good curving performance 0 1 2 2 2 2
Small vehicles -1 1 2 2 2 2
Short headway, fast switches 1 1 1 2 1 2
Total 1 6 9 10 8 10

Table 59 Rating concepts for long-haul trunk service (mission 4).

Attribute TGV TRO7 Bechtel Foster-Miller ~ Grumman Magneplane
Very high speed -1 0 1 1 0 1
Low power at high speed -1 0 1 1 1 1
Large vehicles, good amenities,

and comfort 1 1 1 1 1 0

Total -1 1 3 3 2 2
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Table 60. Summary of ratings for all four missions.

Mission TGV  TRO7  Bechtel Foster-Miller ~ Grumman Magneplane
Regional airport connector 2 4 7 5 4 4
Regional commuter trunk line 4 6 8 7 7 7
Intercity point-to-point service 1 6 9 10 8 10
Long-haul trunk service -1 1 3 3 2 2
Total (max. 36) 6 17 27 25 22 23
Mission flexibility rating* -1 1 1.2 1.2 1.2 1.2
*-1 doesn’t meet, 1 meets, 1.2 exceeds criterion
Table 61. Assessments of tilting vehicle body.
System Evaluation comments Rating
TGV None -1
TRO7 None -1
Bechtel Internal tilting cabin, 15° banking 1
Aerodynamically clean, low interior noise
Weight and complexity penalties—redundant structure, doors, and windows
Foster-Miller ~ Simple cabin construction, circular cradles, 12° banking
No feedback correction for tilt—preprogrammed according to route and speed
Requires complex fairing between bogies and tilting cabin 1
Grumman Struts and linkages needed for each bogie, 9° banking 1
Complex bogie-body fairing requirements
Magneplane Passive vehicle banking, magnetic keel (i.e., no mechanical tilting mechanism) 35° banking 1

May be able to pre-roll and correct tilting actively using aerodynamic control, but control not as

positive as mechanical means

mission, on average, much better than TGV and
somewhat better than TRO7. This provides some
confidence that U.S. maglev concepts will, over-
all, fulfill a broader spectrum of U.S. transporta-
tion needs than either of the two foreign HSGT
systems.

3.4.2 Tilting vehicle body

A tilting body allows a broader speed range
through curves while maintaining ride comfort. It
also provides some flexibility in route alignment
and speed profile by permitting pre-roll (i.e., initi-
ating roll in advance of curves). Atilting body also
permits a vehicle to return to a near-horizontal
position if it is stopped in a curve, thereby easing
passenger movement and evacuation. Its disad-
vantages are basically cost, reliability, mainten-
ance, and weight. Provisions for tilting should
maximize the advantages and minimize the dis-
advantages. This is a medium priority item. We
checked the range of tilt and the complexity and
weight of the vehicle. Table 61 gives the evalua-
tion comments and ratings for tilting vehicle body.

3.4.3 Energy efficiency*

Energy efficiency is an important performance
indicator for HSGT, and we rated it as a high-
priority criterion. Here, we summarize energy
consumption for all systems and compare the
results to that for short-haul air. We show these
results normalized per seat-meter, a measure
known as energy intensity (El). Our evaluation
used short-haul air as a baseline: -1 for EI higher
than air, 1 for comparable El to air, 1.2 for El sub-
stantially lower than air.

We used two measures of energy consump-
tion—along the SST and at steady cruise. Results
for the SST include energy consumed repeatedly
accelerating a vehicle, particularly in the first,
twisty segment but also for the two intermedi-
ate stops. However, the SST simulations did not
incorporate energy savings from regenerative
braking, the primary braking mode for all maglev
concepts. The purpose of regenerative braking is
to recover kinetic energy lost during deceleration.

* Written by Dr. James H. Lever, CRREL.
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One way to approximate this benefit is to exam-
ine energy consumption at steady cruise speed on
a level guideway. This value will also approxi-
mate vehicle energy consumption on a fairly
straight, high-speed guideway.

We obtained cruise energy consumption values
for all HSGT concepts by matching vehicle thrust
requirements to motor thrust. We then used
LSMPOWER and an estimate of converter station
efficiency (see section 3.3.2) to obtain electrical
energy consumed from a utility. The SST simula-
tor SSTSIM (section 3.3.1) computed energy con-
sumption along the SST route using the motor and
resistance data for each concept. We then applied
a converter station efficiency to obtain total elec-
trical energy consumed for one trip along the
route. These values are “base” energy consump-
tions—joules of electrical energy consumed at the
system connection to an electric utility.

We selected the Boeing 737-300 aircraft to com-
pare the energy efficiencies of HSGT and short-
haul air. This aircraft is among the most fuel effi-
cient in the U.S. short-haul fleet, and its energy
intensity is about 70-80% that of the fleet, depend-
ing on trip length. With about a 30-year replace-
ment cycle for aircraft, the fleet-averaged energy
intensity will likely approach that of the 737-300
by the time maglev becomes a significant alterna-
tive mode. This is consistent with the estimate by
Johnson et al. (1989) that fleet-averaged energy
intensity for intercity air travel will drop by about
75% over this period.

Commercial airlines file data on fuel consump-
tion with the USDOT for all flights. We used these
data for 737-300 aircraft for the period ending
June 1991, and conducted a regression analysis
to obtain average fuel consumption per flight as
a function of trip length. By converting jet-fuel
volume to its energy equivalent (1 U.S. gal = 1.35x
105 BTU = 1.42x108 J Higher Heating Value), we
obtained a very good fit of the data to the follow-
ing equation:

Elpaee (/seat-m) = 1.39x10° L 4.69x 101 (22)
S S-D

where Ely,s = base energy intensity in J/seat-m
derived from actual fuel con-
sumed
S = the number of seats
D = trip length (m).

As with maglev electrical energy, this estimate
derives from energy consumed at the system con-
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nection (i.e., at the airport). As reflected in eq 22,
idling, taxiing, and takeoff energy requirements
cause the energy intensity for short-haul air travel
to strongly depend on trip length.

Commonly, energy intensity is calculated on a
per-passenger basis. Although experience with
foreign HSGT suggests that maglev would oper-
ate at higher load factors than short-haul air, we
compared energy intensities on a per-seat basis.
However, we did correct for differences in cabin
space allocated per seat for each system. As dis-
cussed in Chapter 2, we defined a standard pas-
senger (SP) as 0.80 m? of cabin space (including
lavatories and galleys). We then used this defini-
tion to determine the number of seats for each sys-
tem for use in calculating EI.

This is an important correction. The 737-300
allocates 0.54 m?2 of cabin floor area per seat for
its 140-seat arrangement. This is slightly less than
the Magneplane vehicle, the least spacious of the
HSGT systems studied here. Conversion to stan-
dard passengers gives this airplane 96 seats.

By using a standard passenger, we acknowl-
edge that seat spacing is a variable easily altered
by vehicle designers and operators. Provision for
flexibility in seat pitch or changes from spacious
five-abreast to compact six-abreast seating is well
within the technology of the SCD concepts. Thus,
it would be relatively simple for the more spa-
cious concepts to increase their number of seats
and hence improve their energy intensities.
Although our choice of 0.80 m? per SP is some-
what arbitrary, use of a different value simply
involves multiplying the El values here by the
appropriate ratio. Comparisons between systems
would not change.

Table 62 shows the base energy intensities for
each HSGT system at steady cruise, on a level
guideway. We show two values for TGV—at its
commercial cruise speed of 83 m/s, and projected
for 134 m/s based on its parameterized drag. The
latter number demonstrates a benefit in El asso-
ciated with large consists. Also shown in Table 62
are Ely.s Values for maglev vehicles making 400-
and 800-km trips along the SST (TGV cannot com-
plete the SST). The two values shown for the 400-
km trip are for the first and second halves of the
route, respectively (from terminal 1 to terminal 2,
and from terminal 2 to terminal 4, including a stop
at terminal 3). The average of these two values
equals that of the full 800-km SST. For routes of
similar geometric alignment, maglev El is essen-
tially independent of trip length.

The Foster-Miller concept has the lowest SST



Table 62. Energy intensities for each HSGT system at steady cruise speed, and for 400-
and 800-km trips along the SST. These derive from base energy consumed at the utility

connection.
Standard 400-km SST 800-km SST
Cruise speed passengers  Cruise Ely,g, Elpase Elpase
System (m/s) (SP) (J/SP-m) (J/SP-m) (J/SP-m)
TGV 83 700 130 — —
134 — 310 — —
TRO7 134 160 460 590/480 540
Bechtel 134 110 560 840/600 720
Foster-Miller 134 140 390 5107400 450
Grumman 134 120 340 600/380 490
Magneplane 134 110 400 6907460 580
Average of all SCDs 134 — 420 6607460 560
Average of best two SCDs 134 — 370 560/390 470
7000 drag at cruise speed is comparable to its aerody-
i namic drag, and this substantially raises its EI.
6000} T80 ] Figure 119 compares these base El values with
s000 | — Q‘éﬁ; ??VS g(r)u[i)sec . that of a 737-300 (eq 22) as a function of trip length.
= +  Ave SOD SST To represent U.S. maglev, we use the average of
a 4000 [ ® Best Two SCD SST all SCD concepts and the average of the two most
g i efficient (“best”) concepts. Based on energy con-
% 3000 sumed at the system connection (i.e., airport or
w ] electrical supply), maglev El values range from
2000 | about 13 to 25% of that of a 737-300 for 200- to 1000-
1000 | km trips. The very large difference for short trips
’ highlights maglev’s suitability for serving more
0 ‘ closely spaced stations than is practical with air-

600
Distance (km)

Figure 119. Base energy intensity at system connecti
(airport or electrical supply).

El of the maglev concepts studied. It has the most
efficient motor (the LCLSM), a fairly small fron-
tal area, and low magnetic drag. Interestingly,
Foster-Miller chose relatively conservative aero-
dynamic drag coefficients (see section 3.4.6),
based on existing high-speed trains. TR07,
Grumman, and Bechtel have vehicles that wrap
around the guideway, resulting in a larger fron-
tal area. All three concepts have low magnetic
drag. However, TR07’s aerodynamic drag coeffi-
cients derive from full-scale tests and thus reflect
currently achievable values. Grumman appears
to have anticipated drag reductions resulting from
thorough study of all vehicle drag sources.
Because aerodynamic drag predominates at high
speed, Grumman’s low cruise El results primarily
from its choice of these lower drag coefficients.
Magneplane used aerodynamic drag coefficients
similar to Grumman’s. However, its magnetic

on
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craft.

Clearly, electricity and jet fuel are different com-
modities, and their values per joule are different.
Energy cost is one way to compare energy con-
sumption for these different fuels, essentially rely-
ing on cost to reflect differences in the value of
resources used to produce each fuel. The Depart-
ment of Energy produces annual estimates of fuel
prices based on forecasts of supply and demand
under different sets of overall economic
assumptions. The baseline or “reference case” fore-
cast for the year 2010 (DOE 1993a) predicts a jet
fuel price of $0.89/gal. and an electricity price for
transportation of $0.065/kWh in 1991 dollars. That
is, on a per-joule basis, electricity is expected to be
about three-times more expensive than jet fuel
(roughly the same ratio as currently exists). Using
these forecast prices, maglev would realize energy-
cost savings compared to air travel of 60 to 30%
for the 200- to 1000-km trip range.

Another way to reflect the difference in value
between jet fuel and electricity is to account for the
energy consumed to produce and deliver each
fuel. Indeed, this approach has been used in pre-
vious comparisons of El between maglev and air
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Figure 120. Net energy intensity including energy sup-
ply efficiency (90% jet fuel, 45% electricity).

travel (e.g., Johnson et al. 1989). Essentially, this
approach identifies possible savings of gross
energy by diverting passengers from air travel to
maglev. We also did this calculation, but it is not
as straightforward as it seems.

The predominant factor in this second approach
is the net thermal efficiency of electrical power
generation (joules-electrical output/joules-heat
input). In effect, applying this factor implies that
a unit of jet fuel saved in air travel is burned in a
power plant to produce electricity for maglev. It
places no direct value on the flexibility of electri-
cal power production. Natural gas, coal, hydro,
nuclear, solar, wind, and trash are electrical power
sources that simply cannot be used to fuel com-
mercial aircraft. What is the equivalence factor
between air travel and maglev using hydro power
as the energy source? Furthermore, refined petro-
leum powers all commercial aircraft and indeed
practically all U.S. transportation. Maglev can
decouple intercity travel from this dependence on
petroleum, and applying simple efficiency factors
does not capture this distinction.

Recognizing that it hides this important dis-
tinction, we nevertheless applied efficiency fac-
tors for energy supplied to aircraft and maglev.
For jet fuel, Johnson et al. (1989) applied an effi-
ciency of about 90% to account for transportation,
refining, and distribution losses. We adopted this
value as the only correction applicable for air
travel. For electrical power generation and trans-
mission, Johnson et al. used efficiencies of 35 and
95%, respectively. We also chose a 95% factor for
transmission efficiency. However, 35% efficiency
for power generation reflects a national average
for fossil-fuel plants of varying ages and technolo-
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gies. Modern natural gas-, oil-, and coal-fired
plants are much more efficient than this.

Modern natural gas- and oil-fired combine-
cycle plants (gas turbine with steam-turbine bot-
toming cycle) commonly achieve base-load effi-
ciencies of 47-48%, based on the conservative
Higher Heating Value of the fuel (Farmer 1992,
Gas Turbine World 1992, DOE 1993a). Modern
coal-fired plants are also approaching such effi-
ciencies (Bajura and Webb 1991, DOE 1993b).
These power plants have lower capital-cost-per-
unit capacity than single-cycle plants, and they
produce very low emissions. Indeed, DOE (1993a)
forecasts that from 1990 to 2010, combined-cycle
generating capability will grow at about 20 times
the total growth rate of electrical-generating
capability. Furthermore, utilities will add modern,
efficient equipment to meet additional demands
beyond current forecasts, such as needed to sup-
ply a major maglev network. We thus selected an
electrical generation efficiency of 47%. Combined
with a 95% transmission efficiency, this yields an
electrical supply efficiency of 45% for maglev.

Figure 120 shows resulting net El values for air
and maglev as functions of trip length. These are
the same data as in Figure 119 with the aforemen-
tioned efficiencies applied. Electrical supply effi-
ciencies bring the Els closer, but the results still
overwhelmingly favor maglev. For 200- to 1000-
km trips, maglev El ranges from about 25 to 50%
of that of a 737-300. And as noted, this compari-
son ignores the flexibility of power-plant fuel
afforded by maglev’s electrical propulsion. In
terms of energy consumption and flexibility,
maglev is clearly superior to short-haul air travel.
TGV also shares these benefits, albeit with at a much
lower performance level. Thus, all HSGT concepts
studied here earn a rating of 1.2 for energy con-
sumption.

To complete this comparison, we examined
maglev trip times achieved along the SST and
compared them to those for air travel. The line-
haul (station-station) trip times for the SST’s two
400-km segments average about 64 minutes for all
SCDs. The corresponding value for the full 800-
km SST is about 130 minutes. Use of the trip times
for the two most energy efficient SCDs does not
change these numbers significantly. Airline sched-
ules indicate line-haul (departure-arrival) trip
times of about 60 minutes for a 400-km trip and
100 minutes for an 800-km trip. Thus, line-haul
trip times are comparable at 400 km, and favor air
at 800 km (trip times for trips shorter than 400 km
favor maglev). However, access time for maglev



should be much less than for air because maglev
facilitates smaller, more conveniently located sta-
tions. That is, we would expect maglev and short-
haul air to yield comparable total trip times for
an 800-km trip; shorter trips should favor maglev.

In summary, maglev can provide intercity
travel at much lower energy usage than aircraft,
with comparable or shorter trip times, and with
flexible choice of power-plant fuel. Average
maglev El would be about 50% of that of short-
haul air for an 800-km trip, yet offer a comparable
total trip time. As trip length reduces, maglev’s
energy advantage over air increases dramatically,
and it offers an increasingly significant trip-time
advantage. For a 200-km trip, maglev would con-
sume about 25% of the energy of a short-haul air-
craft and complete the trip in about 25% less time.
From the view of energy consumption, fuel flex-
ibility, and trip time, maglev is clearly superior to
air for intercity travel.

3.4.4 Use of existing infrastructure

Use of existing highway and railroad ROW
improves the likelihood of nationwide implemen-
tation of HSGT. This is a high priority item. We
checked the following:

* Minimum curve radii.
= Maximum acceleration and grade capability.
e Time to go from 0 to 134 m/s.

Table 63 gives the evaluation comments and rat-
ings for using the existing infrastructure.

3.4.5 Potential for expansion

It may be desirable to expand system capacity
beyond 12,000 seats/hour. Here, we rate each
concept’s ability to expand capacity easily. Note
that all the maglev concepts studied are propelled
by an LSM. This considerable investment ulti-
mately limits motor thrust and, hence, capacity for
all systems. Its replacement with a larger LSM
would be very expensive. Fortunately, most con-
cepts can achieve very large capacity using their
current LSM, so that this is not generally a seri-
ous limit. This has a medium priority. Table 64
provides the evaluation comments and ratings for
expansion potential.

3.4.6 Aerodynamics

Aerodynamic drag is the predominant vehicle
drag at high speeds for all HSGT systems. It, thus,
is the primary source of energy consumption for
maglev vehicles along high-speed routes. Both
TGV and TRO7 have experience with full-scale
vehicles to determine drag contributions from
various sources. To check the reasonableness of
the SCD estimates, we cast all aerodynamic drag
estimates into a common format. We also enlisted
the help of Dr. D.M. Bushnell, Fluid Mechanics
Division, NASA Langley Research Center. He
based his comments on existing literature for
high-speed trains (Hammit 1974; Railway Tech-
nical Research Institute of Japan 1984, 1989;
Brockie and Baker 1990) and his broad experience
with aerodynamics of aircraft and other vehicles.

Table 63. Assessments of how the concepts can use existing infrastructure.

System Evaluation comments Rating

TGV Can run directly on existing rail lines, although high-speed service requires dedicated lines -1

Large, 6000-m minimum curve radius at 83 m/s

Poor grade capability

Not normally elevated (grade crossings, crossing of ROW require elevated structures)

TRO7 5800-m minimum curve radius at 134 m/s

0.006-g reserve acceleration (0.6:100) at 134 m/s (present design cannot climb 3.5:100 grade at cruise)

320sto 134 m/s

Bechtel 2600-m minimum curve radius at 134 m/s
0.12-g reserve acceleration at 134 m/s

89sto 134 m/s

Foster-Miller 2800-m minimum curve radius at 134 m/s

0.044-g reserve acceleration (4.4:100) at 134 m/s

120 sto 134 m/s

Grumman 4100-m minimum curve radius at 134 m/s

0.048-g reserve acceleration (4.8:100) at 134 m/s

180 sto 134 m/s

Magneplane 2200-m minimum curve radius at 134 m/s

0.039-g reserve acceleration (3.9:100) at 134 m/s

130sto 134 m/s

1.2

1.2

1.2

1.2




Table 64. Assessments of potential for system expansion.

System Evaluation comments Rating
TGV Very large consists possible 1.2
Bilevel cars now in production
Effort to increase speed to 97 m/s now underway
Rail clearance envelope limits vehicle width
TRO7 Wrap-around vehicle permits width increase (although beam width fixed—Ilimits strength) 1
Stator slot width limits conductor current, hence motor thrust
Levitation force limited by stator pack size
Bechtel Slots for extra magnets in vehicle to increase payload capacity 12
Wrap-around vehicle permits width increase (although beam width fixed—limits strength)
Potential for electromagnetic switch
Potential for multi-car consists
Foster-Miller ~ LCLSM provides great potential for reduction in headway distance 1.2
Eight-car trains at 55-s headways possible
Passive EM switch is very fast
Channel guideway easier to strengthen, but harder to increase vehicle width
Grumman Slots for extra magnets in vehicle to increase payload capacity 1.2
More powerful motor already considered by using copper LSM winding (although slot width
eventually limits capacity)
Wrap-around vehicle permits width increase (although beam width fixed—limits strength)

Magneplane Some flexibility to increase both vehicle and guideway widths 1.2

Passive EM switch is very fast
Very short headways possible (20 s)

Despite small differences in the methodology P = vehicle wetted perimeter (m)
used for each system, we may cast each aerody- L,, = vehicle wetted length (m)
namic drag estimate in the following form: n = number of cars per consist (we used

D/a=A. CatPL.nC 23 the baseline number)
/0= AxLd n &t (23) C; = skin friction coefficient.

where: D, = aerodynamic drag (kN)

q = dynamic pressure (11 kN/m? at Table 65 shows the values for these param-
134 m/s) eters for each HSGT system. Except as noted, we

A, = vehicle frontal area (m?) extracted these values directly from TGV and
Cq = drag coefficient for pressure drag TRO7 published literature and reports, and from
(nose, base, protuberances, gaps, the SCD final reports. Also shown is the aerody-

etc.) namic drag per standard passenger (D,/SP) for

Table 65. Parameters used for estimating aerodynamic drag for each

concept.

D,/SP (N)
System A, (m?) Cqy P(m) L,(m) n Cs at 134 m/s
TGV-A 11 0.18 13 20 12 0.0039 220
TRO7 12 0.18 16 27 2 0.0037 360
Bechtel 15 0.11 18 36 1 0.0040 430
Foster-Miller 9.4 0.21 12 27 2 0.0025 280
Grumman 13 0.11 14 18 2 0.0022 240
Magneplane 7.1 0.10 10 38 1 0.0016 130
Magneplane® 8.0 0.0020 160

*We increased the estimated frontal area for Magneplane based on its revised
vehicle shape; we increased Magneplane’s skin friction coefficient because 0.0016
appears to be too low for the Reynolds number of the vehicle. We used these
revised values to model Magneplane’s performance along the SST.
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each system at 134 m/s, which is a measure of the
aerodynamic efficiency of the vehicle. For com-
parison, we have calculated D,/SP for TGV-A at
134 m/s, although its maximum cruise speed is
83 m/s.

Bushnell’s literature review suggested that the
state-of-the-art for high-speed trains justifies use
of C4=0.15and C; = 0.004. These values are quite
close to those for TVG and TRO7; the Cg4 value is
also about midrange for the SCD estimates. How-
ever, three of the four SCDs use a much lower skin
friction coefficient than that justified by the state-
of-the-art. According to Bushnell, careful design
and detailed attention to drag sources can yield
25% (perhaps 50%) reductions in both Cy4 and Cs.
It thus appears that some SCD concepts incorpo-
rated such anticipated reductions. While this
places some concepts at a comparative disadvan-
tage, our aim here is to assess technical viability
of U.S. concepts generally. Thus, SCD average
drag values appear to be achievable almost im-
mediately, and the lower SCD estimates appear
to be achievable with solid technical effort (as
would likely be part of U.S. maglev develop-
ment).

Bushnell also briefly discussed sources of drag
and issues affecting drag reduction. Many of these
points were also noted in the SCD reports. We list
them here for consideration as part of further
work in this area.

Drag minimization requires thorough evalua-
tion of all sources, including:

= Three-dimensional nose-base drag, includ-
ing effects of atmospheric turbulence.

= Frictional drag, including actual surface
roughness and guideway channel drag.

< Additional pressure drag components,
including:

—Protuberances.
—Gaps between vehicles or components.
—Wake effects attributable to crosswinds or
yaw.
—Drag ascribable to lift (caused by asym-
metrical shapes and boundary conditions).
—Magnet bogies.
—Compressibility effects from passing
vehicles.
—Trim drag (of aerodynamic control sur-
faces).
< Tunnel drag.
= Effects of air flow through open channel
guideways and guideway outriggers.

Bushnell suggested that computational fluid
dynamics models or wind tunnel tests with a
moving ground plane could yield drag estimates
for maglev vehicles within 10-20% of their actual
values. Naturally, finer details of vehicle geometry
would be needed. Present SCD estimates based on
analogies with high-speed trains and aerody-
namic handbooks are probably within 25-50% of
actual values. Given this level of uncertainty and
lack of detail, we chose not to rate the systems for
aerodynamic performance.

3.4.7 Criteria summary

We may combine with the above other criteria
our ratings of each concept against the SCD-RFP
criteria (Table 24). This provides an overall evalu-
ation of the ability of each concept to meet trans-
portation needs for the U.S. market. That is, this
overall rating assesses the “mission suitability”
aspect of each concept’s technical viability. Table
66 shows these results.

Interestingly, application of additional evalu-
ation criteria did not change the relative ranking
of the concepts. However, the gap between TGV

Table 66. Overall assessment of mission suitablity of HSGT concepts studied.

Parameter Weight TGV-A  TRO7 Bechtel Foster-Miller ~ Grumman Magneplane
RFP system
criteria subtotal 53 38 48 46 56 56 56
Other Criteria

Mission flexibility 3 -1 1 1.2 1.2 1.2 1.2
Tilting 2 -1 -1 1 1 1 1
Energy efficiency 3 1.2 1.2 1.2 1.2 1.2 1.2
Existing infrastructure 3 -1 1 1.2 1.2 1.2 1.2
Expansion 2 12 1 12 1.2 1.2 12
Aerodynamics 0

Subtotal 13 -2 10 15 15 15 15
Total 66 36 58 61 71 71 71
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and the maglev concepts widened substantially.
This technology does not meet as extensive a set
of U.S. transportation needs as do the maglev
technologies. Also, this assessment revealed a
somewhat greater capability of the U.S. maglev
concepts vs. TRO7 to meet U.S. transportation
needs. TRO7 suffered primarily for its lack of a tilt-
ing vehicle and its modest motor capability.
Except for Bechtel’s selection of a fuel cell for
onboard power supply and its incomplete suspen-
sion description, all U.S. concepts met or exceeded
all criteria and yielded essentially identical scores.

As with the SCD system criteria, evaluation of
the concepts against the additional criteria in this
section was a helpful step in our technical viabil-

178

ity evaluation process. The mission-flexibility cri-
terion forced us to consider transportation needs
beyond those served by intercity trunk service.
Similarly, our aerodynamic assessment placed the
concepts in a common format and improved our
understanding of the various procedures used to
estimate aerodynamic drag. Perhaps most insight-
ful was our energy-efficiency assessment. This
comparison required data from several of our
analyses (motor and power, system simulation,
aerodynamics) and helped to reveal maglev’s role
relative to existing short-haul air service. We
may now draw upon the insight gained here to
discuss the overall technical viability of maglev
for the U.S.



